Abstract: Estimating the health status of the components forming a hybrid system means to account for interleaved continuous and discrete dynamics. It is the task of the diagnoser to infer this status from a partial set of observations and a mathematical model of the physical system. Whereas most of the approaches adopt a state estimation scheme, the HYDIAG diagnoser is based on an extension of the parity space method to hybrid systems together with an event based abstraction of the continuous dynamics that permits to cast the diagnosis problem in the discrete event systems framework. This paper aims at testing the HYDIAG diagnoser on the realistic test case ADAPT provided by NASA Ames in the form of a benchmark which is proposed for the diagnosis competition of the DX community.
INTRODUCTION
The development of recent systems exhibits a high complexification of behaviours. This implies two problems. Firstly, most of the systems are hybrid: they present both continuous and discrete behaviours. A specific formalism has to be adopted in order to describe them. Secondly, systems are exposed to component failures. Maintenance and repair are an increasing part of the total cost of final product. Efficient diagnosis techniques have to be adopted to detect and isolate faults. In particular for hybrid systems, the HYDIAG diagnoser (Bayoudh (2009) ) is a solution to estimate the current mode of operation/failure, leaving implicit the continuous evolution of the hybrid system.
The comparison of diagnosis technologies is known to be difficult because of the difficulty to build simple enough but still realistic benchmarks. However, a diagnosis competition has been conjointly defined by NASA Ames Research Centre, Palo Alto Research Centre and Delft University of Technology during the 20 th International Workshop on Principles of Diagnosis (DX-09). The goal is to propose a generalized framework to compare and evaluate diagnosis algorithms (Kurtoglu et al. (2009) ), using realworld system data. We propose to use HYDIAG in this context and to test it under the industrial track problem DP-I (DXC'11 (2011)), using the Electrical Power System test bed in the ADAPT lab at the NASA Ames Research Centre. There exist few papers on the results of the competitions. (Daigle and Roychoudhury (2010) ) is one of them, and we will compare our results to it.
The paper is organized as follows. Section 2 overviews the hybrid model supporting diagnosis in HYDIAG. Section 3 describes the diagnoser HYDIAG. Section 4 presents the DP-I industrial track problem and reports the results. Section 5 concludes this paper.
HYBRID MODEL FOR DIAGNOSIS
The modelling framework that is adopted is based on a hybrid automaton (Henzinger (1996) ). The hybrid automaton is defined as a tuple S = (ζ, Q, Σ, T, C, (q 0 , ζ 0 )) where:
• ζ is the set of continuous variables that comprises input variables u(t) ∈ R nu , state variables x(t) ∈ R nx , and output variables y(t) ∈ R ny . The set of directly measured variables is denoted by ζ OBS .
• Q is the set of discrete system states. Each state q i ∈ Q represents a behavioural mode of the system. It includes nominal and anticipated fault modes. The anticipated fault modes are fault modes that are known to be possible on the system. The unknown mode defined in (Hofbaur and Williams (2004) ) can be added to model all the non anticipated faulty situations.
• Σ is the set of events that correspond to discrete control inputs, autonomous mode changes and fault occurrences. Σ = Σ uo ∪ Σ o , where Σ o ⊆ Σ is the set of observable events and Σ uo ⊆ Σ is the set of unobservable events.
The transition from mode q i to mode q j with associated event σ ij is noted t(q i , σ ij , q j ) and we have T (q i , σ ij ) = q j . T also denotes the set of transitions.
• C = i C i is the set of system constraints linking continuous variables. C i denotes the set of constraints associated to the mode q i . C represents the set of differential and algebraic equations modelling the continuous behaviour of the system. The continuous behaviour in each mode is assumed to be linear.
The occurrence of a fault F i ∈ F is modelled by a discrete event f i ∈ Σ F . Σ F is the set of fault events associated to the anticipated faults of F . Without loss generality it is assumed that Σ F ⊆ Σ uo . The discrete part of the hybrid automaton is given by M = (Q, Σ, T, q 0 ), which is called the underlying discrete event system (DES) and the continuous behaviour of the hybrid system is modelled by the so called underlying multimode system Ξ = (ζ, Q, C, ζ 0 ).
OVERVIEW OF THE HYDIAG DIAGNOSER
The method developed in (Bayoudh (2009 ), Bayoudh et al. (2008 ) for diagnosing faults on-line in hybrid systems can be seen as interlinking a standard diagnosis method for continuous systems, namely the parity space method, and a standard diagnosis method for DES, namely the diagnoser method (Sampath et al. (1995) ). This section presents an overview of the diagnoser.
Diagnoser's inputs
Hydiag takes as input an hybrid automaton S as illustrated in figure 1. 
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Fig. 1. Example of an hybrid system
After the development of the hybrid diagnoser, Hydiag needs on-line the set of observations on the system.
Mode Signature
Consistency tests take the form of a set of analytical redundancy relations (ARR). For the linear case, it is possible to computes ARRs by using the parity space approach (Staroswiecki and Comtet-Varga (2001) ). This approach has been recently extended to multimode systems in (Cocquempot. et al. (2004) ). In our case, an ARR set is associated to each mode q i and is denoted ARR i . An ARR ij can be expressed as r ij = 0, where r ij is called the residual of the ARR. Since ARRs are constraints that only contain observable variables, they can be evaluated on line with the incoming observations given by the sensors, allowing to check the consistency of the observed system behavior against the predicted one. ARRs are satisfied if the observations satisfy the model constraints, in which case the associated residuals are zero. In the opposite case, all or some residuals may be non zero. The set of residuals in mode q i hence result in a local boolean fault indicator tuple.
r ij = 0 when ARR ij is satisfied 1 otherwise j = 1, ..., N ARR(qi) , where N ARR (q i ) is the number of ARRs/residuals associated to mode q i .
Due to the fact that there are different modes, we need to define the vector of residuals of mode q k computed with the observations ζ j OBS obtained when the system is in mode q j . This vector is called the q k -mirror signature of mode q j . It is the signature of mode q j seen in mode q k .
T of system residuals in mode q k , the q k -mirror signature of mode q j is given by the vector
Definition 2. (Mode Signature). The mode signature of a mode q j is the vector obtained by the concatenation of all its mirror signatures:
Diagnosability group
Since residuals have been designed for every mode separately and that there exists noise, this may cause false alarm problems. For solving this problem, Hydiag uses an on-line residual filter that takes as input the residual values and generates as output clean boolean indicators. Two modes q i and q j , (q i , q j ) ∈ Q 2 are diagnosable if their continuous dynamics defined by the state-space matrices A i , B i , C i , D i and A j , B j , C j , D j are sufficiently distinct so that their cleaned residuals are not identical i.e. their mode signatures are different. If two modes are not diagnosable, it means that they belong to the same diagnosability group. Otherwise, the two modes are merged into the same group.
Event based abstraction of the continuous dynamics
The idea of HYDIAG is to capture both the continuous dynamics and the discrete dynamics within the same mathematical object. To do so, the original automaton of the hybrid system M = (Q, Σ, T, q 0 ) is enriched with specific observable events that are generated from the mode signatures. A specific transition labelled with a specific signature-event is introduced between two modes when they have different mode signatures. The change of signature triggers the occurrence of the associated signature-event. The resulting automaton is called the Behaviour Automaton (BA) of the hybrid system.
Building the "hybrid" diagnoser
Diagnosis is performed thanks to a specific finite machine called a diagnoser. The diagnoser is built from the BA following the approach described in (Sampath et al. (1995) ). The task of building such diagnoser is not easy because it requires to browse the entire graph representing the BA automaton. To this end, the tool DiaDES 1 from LAAS, Toulouse, was used. It allows one to generate the diagnoser automatically.
Diagnoser's outputs
At each time step, Hydiag provides the possible diagnoses, i.e. the possible states of the BA and the fault event(s) that have occured. For that, it computes the filtered residuals, evaluates the observed mode signature, and generates the corresponding signature-event. Thanks to the signatureevents and the other observable events that occur on the system, Hydiag follows the corresponding branch of the diagnoser on-line and delivers the diagnosis.
Methodology developed for system modeling
The steps of the methodology to provide a model for our problem are described below:
(1) Identify continuous and discrete components; (2) For each component (continuous and discrete) find the finite automaton describing the underlying DES; (3) Obtain a global model by synchronizing the finite automata obtained in step 2; (4) Provide for each mode obtained in step 3, a model of the continuous dynamics in the form of a state-space model (A, B, C, D).
CASE STUDY

Overview of DP-I
Four diagnostic problems were announced for DXC'11 (DXC'11 (2011)), two industrial track problems (DP-I, DP-II), one synthetic (DP-III), and one software (DP-IV). The industrial track uses the Electrical Power System (EPS) testbed in the ADAPT lab at NASA Ames Research Center for a space exploration vehicle. It provides a stepping stone between pure research and deployment of diagnosis and prognosis systems in aerospace systems. ADAPT consists of a controlled and monitored environment where faults can be injected into a system in a controlled manner and the performance of the diagnosis system carefully monitored. ADAPT-lite is a subset of ADAPT. The schematic of ADAPT-lite is given in Figure The problem DP-I simulates an Unmanned Aircraft System (UAS) mission. The objective of the diagnosis algorithm is to provide decision support to a remote pilot or an autonomous controller by making an "abort" (land the vehicle) recommendation.
The correct recommendation depends on the injected failure mode and, for certain failure modes, on the fault parameters. Any failure which cuts off power to any of the three loads results in an abort recommendation. Other failures modes only degrade performances and can be tolerated if the fault magnitude remains below a certain magnitude. For these types of fault, the correct recommendation requires isolating the failure mode and estimating the fault parameters.
Fault profiles
Three fault profiles can be injected in DP-I, but multiple faults are not considered.
For an offset (Figure 3) , the faulty value P f (t) is defined by P f (t) = P n (t) + ∆ p where P n (t) is the nominal value, and ∆ p is the offset.
Fig. 3. Offset
A drift (Figure 4 ) is defined by its slope m, i.e, P f (t) = P n (t) + m(t − t inj ).
Fig. 4. Drift
Abrupt intermittent faults are injected by alternating between a zero and a non-zero value ( Figure 5 ). The profile is defined by four parameters: t inj , the time at which the first fault is injected; µ∆ p , the mean of the characteristic property step change; µ∆ f , the mean of the fault durations ∆t f i ; µ∆ n the mean of time intervals between faults ∆t ni .
P f (t) = P n (t) + ∆p i step is present P n (t) step is not present 
Circuit use for study
The diagnosis approach in HYDIAG is model-based, requiring a model of both nominal and faulty behaviours. We reuse and adapt the work of (Daigle and Roychoudhury (2010) ) for the system modelling. The main problem for using HYDIAG on the ADAPT system is the number of components (25) and the number of modes (102) in Fig. 2 . The ADAPT-Lite schematic for diagnostic problem I the DP-I. Indeed the HYDIAG approach develops all the possible reachable states in an FSM. This approach is not directly applicable on the DP-I because of the explosion of the states number in the FSM. The solution we adopt further in this work is to prove the approach applicability on a subset of ADAPT-lite, then conclude on how we will proceed to tackle the entire problem in the future.
To illustrate the diagnosis approach developed in (Bayoudh (2009)), we thus consider an abstraction of ADAPTlite, which includes a lead-acid battery, two relays denoted by Rly1, Rly2, and one DC load denoted by R dc . The equivalent electrical circuit is shown in Figure 6 . Measures selected are battery voltage vb(t) and current through relay ib(t). Let M = (vb, ib) be the set of measures.
Fig. 6. Equivalent electrical circuit
For the case study, only faults on DC load R dc and relays are considered. Sensors providing voltage vb and current ib, battery and connecting cables between components are supposed to be in nominal mode and are not subject to fault. Concerning the R dc load, there is no direct observation of the resistance value but it can be derived using the Ohm's law: R dc = vb ib .
Component Models
This section describes the differential-algebraic equations of the different modes for each component, and the underlying DES in which fault events appear.
Battery The battery BAT 2 is composed by two 12V lead-acid batteries in series. We used a model presented in (Daigle and Roychoudhury (2010) ) that lumps the batteries into a single battery model. The battery is described by the equations:
where v b is battery voltage, i b is battery current, v 0 is the voltage across C 0 , and v s is voltage drop across C s − R s pair ( Figure 6 ).
Relay In (Isaksson (2009) ), a relay is equivalent to a resistance (R int ) with low value (10 −3 Ω) in series with an ideal switch (Figure 7) . When the relay is in nominal state, the switch Sw is closed, thus the resistance across relay is equal to R int = 10 −3 Ω . When switch Sw is open, the resistance across relay is very large (infinite). 
DC load
DC loads are modelled as a pure resistance (Daigle and Roychoudhury (2010) ) denoted R dc . When R dc is in its nominal state, the voltage drop across it follows the Ohm's law. The discrete model of resistance contains two failure modes: "failedoff" and "offset". When the resistance is "failedoff" it behaves like a wire, so its value is zero: there is no voltage drop across it. When the resistance is "offset", its nominal value increases or decreases following a constant value.
Generating the global model
Obtaining the global model is done in two steps: (1) obtaining the discrete event system, which consists in synchronizing the finite automata for each component; (2) describing the continuous dynamics of each mode obtained in step 1.
DES
The global model, M G = (Rly1||Rly2||R dc ), is obtained by synchronizing (Skoldstam et al. (2008) ) the finite automata of each component. For Rly1 and Rly2 there are 8 modes, including 4 nominal modes and 4 modes of fault. The synchronization leads to a model with 
Relay 1 Rly2 Relay 2 48 modes. By using the hypothesis of single fault (DP-I problem) the model can be simplified (20 modes)( Table 1) .
Continuous System
Once the global model obtained, the continuous dynamics of each discrete mode (nominal or faulty) must be informed in the form of a state-space model according to the position of the relays ("Nominal Open", "Nominal Close", "Stuck open", "Stuck close") and the state of resistance ("Nominal", "Rfailedoff "," Roffset "). The continuous dynamic of each mode is assumed to be linear so the model is given by the matrices (A, B, C, D) . as system outputs, we obtain the matrices A, C for all modes (Table 1) . Matrices B, D are null for all modes.
Diagnostic results
Diagnosability groups Four diagnosable groups are obtained according to section 3.3 (see Scenarios The set of scenarios for ADAPT-Lite is available on the website of the DXC competition (DXC'11 (2011)). We therefore consider a subset of these scenarios according to the number of components for our case study (Table 2) . Each scenario takes 240s, the sampling time is fixed at 0.1s, simulation step is 0.01 and the sensitivity of the residual filter is fixed at 0.01. Nominal value of R dc is 10Ω, the battery supplies in nominal operation a mean voltage V b = 24.5V and a mean current i b = 2.45A. t inj denotes the date when the fault is injected, t det is the date when it is detected.
Scenario Exp 1282 pb ADAPT-Lite
This scenario involves injecting a negative offset of −3.3 in the value of resistance R dc at t inj = 150.221s. The recommendation to make if the fault appears is the aborting of mission ( Table 2 ). The fault is detected by HYDIAG at t det = 150.300s. The relative error is about 0.05 % (Table 2) . Figures (9(a) ) and (9(b)) illustrate the effect of negative offset in resistance on the voltage and current measurements. All other scenarios Exp 1283 pb ADAPTLite. . . Exp 1289 pb ADAPT-Lite have similar behaviours as Exp 1282 pb ADAPT-Lite, but the recommendations are different depending on the magnitude of the injected offset on the resistance value (Table 2) .
Scenario Exp 1320 pb ADAPT-Lite
This scenario involves injecting a fault in system as "stuckopen" on one Comparison To evaluate the performance of the developed diagnosis algorithm, we compare our results with those of (Daigle and Roychoudhury (2010) ) (denoted DR). It is not so easy because we do not take account the entire DP-I circuit, and all possible faults in the system. Nevertheless, offset and failed-off in resistance allow us to do some comparisons (Table 3 ). For all scenarios that have been tested, the detection of the fault comes with a delay of 0.2s in the worst case, which is a good result for the diagnostic of ADAPT-Lite subsystem. This value might be reduced by adjusting the threshold of the sensitivity of the residual filter (0.01 for this study). 
CONCLUSION
In this paper, a complete methodology for modelling hybrid systems and diagnosing them has been presented, exemplified by the ADAPT-lite system, which is proposed within the international diagnostic competition DXC'11. The models have been used with the diagnoser HYDIAG and the results obtained are reported and discussed. These results confirm that the diagnoses provided by HYDIAG are correct but point out the difficulty of obtaining the models that support diagnosis reasoning. The combinatorial problem of the number of states of the DES model has been handled by modeling discrete dynamics for each component with an automaton and synchronizing these automata. Future research will consider the problem of decentralizing the overall hybrid diagnosis process by decomposing the system into sub-systems, each one having a local hybrid diagnoser. Shared variables are intended to be managed by higher level diagnosers. This approach has already been developed in a continuous framework, and we plan to extend it to hybrid systems in the future.
